Abstract Induced seismicity due to natural gas production is observed at different sites worldwide.
In Europe, several prominent locations exist where induced seismicity has been observed in the immediate vicinity of gas fields and related to gas production. In Rotenburg (northern Germany), a region with rather low seismic activity, a magnitude 4.4 earthquake occurred in 2004, and it was linked to the production taking place in a nearby gas field [Dahm et al., 2015] . In the Lacq gas field (southwestern France), the first induced earthquake occurred after the pressure in the reservoir had dropped by 30 MPa [Bardainne et al., 2008] . Over 2000 seismic events were observed between 1974 and 1997-with the largest having a magnitude of 4.2 [Bardainne et al., 2008] -and all interpretations of the evidence connect these earthquakes to the depletion of the gas reservoir [Grasso and Wittlinger, 1990] .
Currently, the most prominent example of production-induced seismicity in natural gas fields is found in the Groningen gas field (the Netherlands), where seismicity has significantly increased over the last 25 years. The first event occurred after a pressure drop of 20 MPa in the reservoir [TNO, 2012] . Several seismic events of magnitude 3 or greater have been observed in the last 10 years, with the biggest recorded to date occurring in 2012 with a magnitude of 3.6 [de Waal et al., 2015; van Thienen-Visser and Breunese, 2015] . In 2014, given the increasing seismicity rate, the operators of the Groningen gas field decided to significantly lower the production rates [van Thienen-Visser and Breunese, 2015] . The gas field in Groningen is located in an urban area, and therefore controlling the subsidence and induced seismicity is an important issue from a public acceptance point of view. For this reason, subsidence and induced seismicity are both continuously monitored [e.g., Hettema et al., 2000 Hettema et al., , 2002 TNO, 2013] and numerically modeled [e.g., Van Wees et al., 2014; Sanz et al., 2015; Wassing et al., 2016; Orlic, 2016] .
The three examples above show that induced seismicity due to gas production represents a concern for both industry and society. Research is therefore focusing on developing models to gain a better understanding of the hydraulic and geomechanical processes occurring during gas production. The simplest approach for modeling induced seismicity employs a calculation of Terzaghi's effective stress principle [Terzaghi, 1923] to evaluate failure on a fault zone neglecting the deformation of the medium [e.g., Gischig and Wiemer, 2013; Rinaldi and Nespoli, 2017] . Indeed, for injection studies, the increased pressure leads to a decrease of effective stress, hence shifting the Mohr-Coulomb criterion toward failure. However, the same approach cannot be applied in the case of production-induced seismicity; given a pressure decrease, the Mohr circles move to the right and the failure criterion is never reached, meaning that earthquakes can never be induced, in direct contradiction to field observations ( Figure 1a ).
The theory of linear poroelasticity [Biot, 1941] can explain the seismicity induced by pore pressure reduction. It has been shown that for an infinite, unbounded reservoir with no offset, the change of effective horizontal stress is proportional to the pressure change ΔP and can be described as Δσ 0 h = Àα(ν/(1 À ν))ΔP, where α is the Biot-Willis coefficient and ν the Poisson's ratio. On the other hand, effective vertical stress changes as Δσ 0 v = ÀαΔP [e.g., Segall and Fitzgerald, 1998; Mulders, 2003; Wassing et al., 2016; Orlic, 2016] . Given that ΔP is negative for fluid extraction, and assuming compressive stresses positive in an extensive stress regime (i.e., σ (Figure 1b) . However, evaluating the equations above using an initial effective normal stress of 20.7 MPa and an initial shear stress of 8.5 MPa, it can be seen that for a fault zone dipping 60°and for a reasonable pressure drop (ΔP > À40 MPa), reactivation of the fault zone only occurs for low Poisson's ratio values (ν ≤ 0.17, Figure 1c ). For a steeper fault (e.g., 80°), reactivation can no longer be achieved for ν ≥ 0.17 unless large pressure drops (ΔP ≤ À95 MPa) occur in the reservoir (Figure 1d ). Since the Poisson's ratio ν is about 0.25 for most rocks [e.g., Gercek, 2007] , an unbounded, infinite reservoir without an offset is clearly an oversimplified model that is not able to reproduce seismicity with large values of ν.
For this reason, a model with compartmentalized reservoirs and with a fault offset is needed to properly explain seismicity induced by gas production. The effect of a fault offset has already been analyzed in previous studies [e.g., Mulders, 2003; van den Bogert, 2015] . It has been shown that a fault offset enhances shear stress increase and that less of a pressure drop is needed to achieve fault reactivation [van den Bogert, 2015] . However, there are two major limitations present in the existing models:
In this work, we show that fluid flow processes should not be neglected since they exert a strong influence on the evolution of pore pressure and stress within fault zones intersecting reservoirs.
We propose here a deterministic 2-D model using the TOUGH-FLAC simulator for modeling hydromechanical processes [Rutqvist, 2011] . This coupled fluid flow and geomechanics code has been frequently applied to the study of fault reactivation and seismicity induced by fluid injection, including the stimulation of enhanced geothermal systems [e.g., Rutqvist et al., 2013a; Jeanne et al., 2015; Rinaldi et al., 2015a] and carbon sequestration [e.g., Cappa and Rutqvist, 2011a; Rinaldi and Rutqvist, 2013; Rinaldi et al., 2015b Urpi et al., 2016] , as well as the hydraulic fracturing of shale gas reservoirs [Rutqvist et al., 2013b . Applications of TOUGH-FLAC to gas production have so far been limited to studies on hydrate-bearing deposits and have not been applied to natural gas production from an aquifer [Rutqvist et al., 2009; Rutqvist et al., 2012] . The simulator is based on an explicit sequential approach in which the multicomponent and multiphase fluid flow solution is directly transferred to calculate the stress field in a geomechanical simulator. The updated stresses are then transferred back to the fluid flow simulator to account for stressdependent permeability. Finally, if the stresses meet the conditions for failure, an "earthquake" is simulated by employing a strain-softening friction model to allow for a sudden slip in a preexisting fault zone. This enables us to calculate coseismic slip and rupture length, from which we can estimate the magnitude of the induced earthquake.
The objective of our study is to understand the evolution of stress and pressure in a compartmentalized gas reservoir and in an intersecting fault zone while it is producing gas at a constant rate. Furthermore, we aim at comparing the magnitude of the potential earthquakes that are induced. However, we do not aim at calibrating our model to a specific site. Hence, we use average hydraulic and mechanical properties for our model. In the first part of the paper, we show results from the simulation of different scenarios by varying production well setting, fault and caprock rheology, and production rates. We then analyze and compare the scenarios to achieve a broader understanding of the coupled hydromechanical processes occurring during the depletion Figure 1 . (a) Analysis of effective stress: For fluid extraction, pore pressure decreases in the reservoir and the effective stress increases accordingly. Hence, the Mohr circle moves to the right and no earthquake is induced. (b) Theory of linear poroelasticity: Because the horizontal effective stress increases less than the vertical effective stress, the Mohr circle grows and an earthquake can be induced. Approximation of an infinite, unbounded reservoir for fault dips of (c) 60°and (d) 80°. The required pressure drops to achieve reactivation are only realistic (ΔP ≥ À40 MPa) for an optimally oriented fault zone (i.e., 60°) and low Poisson's ratios. For a steep dipping fault (i.e., 80°) and an average Poisson's ratio for rocks (i.e., 0.25), the approximation fails to explain induced earthquakes. The initial effective normal stress and initial shear stress are 20.7 MPa and 8.5 MPa, respectively.
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INDUCED SEISMICITY IN NATURAL GAS FIELDSof a gas reservoir. Using the findings of the first part, we then propose scenarios to minimize seismicity and evaluate their effectiveness.
Model Setup
Our 2-D model consists of a 100 m thick semipervious gas reservoir located at a depth of 3000 m (where production occurs), which is a common depth for many gas reservoirs [Bardainne et al., 2008; Rahimpour-Bonab et al., 2010; van Thienen-Visser and Breunese, 2015] . The reservoir is underlain by low permeability base rock (down to a depth of 4000 m) and covered by 150 m thick brittle caprock (Figure 2a ). The upper part of the model domain represents an overburden aquifer. The properties of the caprock and reservoir were chosen to be representative of a shale-rich caprock and a porous, weak sandstone reservoir, respectively. The reservoir is divided into two compartments by a normal fault (130 m offset). The low permeability fault zone serves as a seal for the left reservoir compartment and cuts the model domain from 2150 m to 3850 m depth. It can be reactivated if conditions for rupture are reached. We simulate different scenarios in order to investigate the response of the model in terms of stress and pressure evolution, rupture timing, and earthquake magnitude. For a base case scenario (scenario 1), we consider the two reservoir compartments to both be filled with gas and simulate production from the left compartment only at a production rate of 0.15 billion cubic meters per year (bcm/yr) for a 0.3 km 3 full-scale reservoir (i.e., thickness of 0.1 km, length of 3 km, and width of 1 km).
This rate is downscaled to 75,000 m 3 /yr for the 2-D simulation, in which we only account for one half of the reservoir's length (i.e., 1.5 km) due to reservoir symmetry, and in which the reservoir's width is only 1 m (2-D plane strain approximation). Using an air density of 1.225 kg m À3 at T = 10°C and P = 0.1 MPa, this results in a production rate of about 90,000 kg/yr, or 0.003 kg s
À1
. For the other scenarios, we consider the following:
Scenario 2. It involves multiple-well configuration by adding a secondary well in the right reservoir compartment at a distance of 200 m from the fault zone. The production rate of the secondary well is set to experience a similar pressure drop in both reservoir compartments. This case aims at simulating a large gas Figure 2 . (a) Model with boundary conditions. In the multiple-well case, production in the secondary well is started in order to maintain similar pressure drops in both reservoir compartments. In the case of a plastically behaving caprock, the caprock has a thickness of 450 m. (b) Close-up view of the fault zone consisting of a highly fractured damage zone and a fault core with very low permeability. (c) Sketch of the stresses acting on a fault core element. Rupture is initiated when the shear stress τ equates the shear strength τ s of the fault.
reservoir intersected by faults in which gas is produced from multiple wells separated by several kilometers [e.g., Herber and De Jager, 2010; Van Hulten, 2010] . -scenario 4b) the base case rate. The aim of simulating these scenarios is to test whether production rate changes have an effect on possible fault reactivation and the magnitude of the earthquake.
In addition to the scenarios listed above, we consider scenarios aimed at minimizing the occurrence of induced seismicity:
Scenario 5. This scenario is designated for shut-in of the production well after 40 (scenario 5a) and 50 years (scenario 5b).
Scenario 6. It involves shut-in of the production well after 50 years and a subsequent gas injection at a rate of 2.6 bcm/yr for a 0.3 km 3 full-scale reservoir (equivalent to 0.05 kg s À1 for the 2-D approximation) in the same well for 3 years (scenario 6a). In addition, we account for injection at the secondary well in the right compartment at 40 years until the end of the simulation while continuing production in the left compartment, either without production (scenario 6b) or with production (scenario 6c) on the right side for the first 40 years.
All the simulations are performed over a time period of 95 years, except for the low production rate case (scenario 4b), in which we double the simulation time to 190 years, and the shut-in case at 40 years (scenario 5a), in which we increase the simulation to 2000 years in order to investigate the long-term stress and pressure evolution both within and around the reservoir.
Numerical Modeling Approach and Setup
The numerical simulations are carried out using the coupled thermohydromechanical simulator TOUGH-FLAC Rutqvist, 2011] , which combines the multicomponent, multiphase, and heat transport software TOUGH2 [Pruess et al., 2011] with the geomechanical simulator FLAC3D [ITASCA, 2013] . TOUGH2 solves the fluid flow and heat equations using the integral finite difference method in space and first-order implicit finite differences in time [Pruess et al., 2011] . TOUGH2 can be run both isothermally or nonisothermally. For this study's simulations, we use isothermal conditions only. TOUGH2 allows for multicomponent, multiphase fluid flow and relative permeabilities for the different phases. The fluid components for the model can be chosen by different equations of state. For this study, we choose the module EOS3 that uses water and air-the latter representing the gas in our reservoir and the gas injected for the scenarios aimed at avoiding fault reactivation. The two components can be in a gaseous, liquid, or multiphase state depending on pressure and temperature.
The numerical model domain closely follows several studies relating to induced seismicity due to CO 2 sequestration [e.g., Cappa and Rutqvist, 2011a , 2011b Jeanne et al., 2014; Mazzoldi et al., 2012; Rinaldi et al., 2014a Rinaldi et al., , 2014b Rinaldi et al., , 2015b Rutqvist et al., 2014; Urpi et al., 2016] . The 10 m wide fault zone consists of a fault core surrounded by a damage zone (Figure 2b ). The fault core is modeled as solid 2.5 m wide elements having anisotropic elastoplastic properties. Ubiquitous joints are oriented as weak planes along the orientation of the fault, allowing the rupture to occur along the fault itself [Cappa and Rutqvist, 2011b] . The damage zone is an intensively fractured zone adjacent to the fault core and is modeled as a poroelastic medium where no slip is initiated. The fault core is usually significantly less permeable than the damage zone because it consists of highly deformed gouge, whereas the damage zone is intensively fractured and thus has a higher permeability [Rinaldi et al., 2014a, 2014b, and references therein] . However, because of the gouge, the fault core is significantly weaker than the damage zone (i.e., resulting in greater deformation for the same applied stress). The fault zone intersects the multilayered model at an average distance of 1500 m from the production well. It dips toward the left reservoir compartment at an angle of 80°, and it has a length of about 1500 m. The length of the fault was chosen to avoid contact with the model boundary. The initial stresses acting on the fault are schematically shown in Figure 2c .
Because of its high porosity, the reservoir is significantly weaker than the surrounding formations. We choose the elastic modulus of the reservoir to be 20 GPa, which is half the value of the caprock stiffness, which we assume to be nonfractured. The selection of these values is supported by laboratory measurements [NAM, 2013; Hangx et al., 2010] . For the sake of simplicity, we set the stiffness of the base rock and upper aquifer to the stiffness of the caprock and assume a uniform Poisson's ratio of 0.25 and a uniform density of 2260 kg m À3 for all formations. The hydraulic and mechanical parameters of the different layers can be found in Table 1 . Figure 3a shows the initial stresses and pore pressure along the fault zone. The shear stress increases linearly with depth. The effective horizontal, vertical, and normal stresses increase almost linearly with depth. They deviate from linearity at the depth of the two reservoir compartments (where the pressure gradient is not hydrostatic) because the reservoir compartments are filled with gas ( Figure 3b ). The hydrostatic pressure gradient (9.81 MPa/km, 0.1 MPa at ground surface) is shown as a reference in Figure 3a . An initial linear temperature gradient going from 60°C at 2000 m depth to 110°C at 4000 m depth is applied and maintained over the entire simulation time. Hence, temperature and pressure at reservoir depth are 85°C and 29.53 MPa, respectively, so that air is in supercritical state. Since most components of natural gas are in a supercritical state in such conditions [Nasrifar and Bolland, 2006] , air represents an appropriate choice for the gas phase in our model. As mentioned before, all the simulations are performed isothermally. This is justifiable because the largest flow velocities are expected to happen in the reservoir (i.e., the most permeable layer) and the vertical extent of the gas reservoir is rather small (230 m from the lower boundary of the left compartment to the Figure 3b denotes the fault zone.
upper boundary of the right compartment). Hence, the difference in temperature from the lowest to the highest part of the reservoir is less than 6°C, meaning that temperature has a negligible influence on fluid flow and pressure distribution during the simulation. In all other formations that are connected to the reservoir, the permeabilities-and thus the flow velocities-are small, and the heat flow through convection plays a minor role. Induced thermoelastic stresses are in the order of a few percent of the expected poroelastic stresses and can be disregarded [Segall and Fitzgerald, 1998 ]. Because our model includes two components and two phases, we account for relative permeabilities by using Corey's [1954] functions and for capillary pressure by applying van Genuchten's [1980] approach.
In terms of geomechanical initial conditions, a normal faulting regime is assumed with a vertical stress σ v initially corresponding to the maximum principal stress σ 1 . The minimum horizontal stress σ h is defined as 70% of σ v , which is a near-critical value for a fault striking in the direction of the intermediate horizontal stress [Cappa and Rutqvist, 2011b; Rinaldi et al., 2014a] . The stress conditions at the top boundary are σ v = 44. Boundaries are open for fluid flow under the constraint of constant pore pressure except for the left boundary, where no-flow conditions are applied. Null normal displacement is imposed on the lower and left boundaries, while constant vertical stress is imposed on the top boundary and a horizontal stress that is linearly increasing in depth is imposed on the right boundary. The right boundary is set at nearly 10 km in order to minimize boundary effects ( Figure 2a ).
Stress-Dependent Permeability
Stress and pressure significantly affect the porosity (φ); therefore, they have a strong influence on permeability (κ) [Rutqvist and Stephansson, 2003] . In order to account for such effects, we apply a stress dependency on the permeability within the reservoir, the fault damage zone, and the fault core, which are presumably the domains most affected by stress and pressure changes. For a weakly fractured fault core and a highly fractured damage zone with joints randomly oriented, isotropic permeability changes can be assumed [Rinaldi et al., 2014a] . For materials with isotropic permeability, it is appropriate to allow the permeability to depend only on the mean effective stress σ 0 M . For the fault zone, we thus use a modified version of a model introduced by Davies and Davies [2001] and later adjusted for reservoir rocks and fault zones by :
where φ 0 and φ r are the initial and residual porosity, respectively, Δσ 0 M is the change of the mean effective stress in pascals, and κ 0 denotes the initial permeability. In the fault zone, φ 0 and φ r are chosen to be 10 and 5%, respectively, to achieve permeability changes of about 1 order of magnitude during gas production.
For the reservoir rock, for which we set an initial porosity φ 0 = 16%, laboratory experiments have shown that permeability changes significantly less than 1 order of magnitude [Schutjens et al., 2001] . We apply a permeability law that is based on the modified Kozeny-Carman relationship, which is commonly used to model permeability changes in reservoir rocks [Zoback, 2010, and references therein]:
where φ c is the percolation porosity, which is the limiting porosity at which the pores are disconnected and no longer contribute to flow. Note that φ in equation (3) is calculated from equation (1), in which we use a residual porosity φ r = 14% for the reservoir rock. The percolation porosity is between 0 and 5% for most rocks [Zoback, 2010] . In our simulations, we always use φ c = 0.1%.
Fault Slip, Seismic Moment, and Event Magnitude
The normal stress σ n and shear stress τ acting on a plane are derived as
where σ 1 is the maximum principal stress, σ 3 the minimum principal stress, and δ the angle between the fault plane and σ 3 . Here we define compressive stresses to be positive. In our model, σ 1 and σ 3 are initially equal to the vertical stress σ v and the minimum horizontal stress σ h , respectively. In a porous medium, the behavior of the rock is controlled by the effective stress, which is the difference between the applied stress and the pore pressure [Terzaghi, 1923] :
where σ 0 n is the effective normal stress and P the pore pressure. Note that pore pressure only affects the normal stress and not the shear stress. The production of gas leads to a pore pressure decrease within the reservoir and in neighboring formations and therefore yields an increase of σ 0 n . As described in section 2.1, the fault core is modeled as a ubiquitous joint fractured medium with weak planes oriented in the direction of the strike of the fault. Such weak planes are subjected to a MohrCoulomb criterion for shear failure
where τ s is the shear strength (critical shear stress) of the fault above which the rupture is initiated, c the cohesion of the fault, and μ s the static friction coefficient (μ s = tan(θ), where θ is the angle of internal friction). The values of μ s vary between 0.6 and 0.85 for most rocks [Cappa and Rutqvist, 2011b, and references therein] . In this study, we use μ s = 0.6 for all simulations. The friction evolves following a strain-softening behavior, allowing the simulation of a sudden slip on the fault. The friction coefficient depends on the plastic shear strain that accumulates if failure conditions are met. A dynamic friction coefficient μ d = 0.25 is reached for a plastic shear strain greater than a critical value of 10
À5
. When simulating a plastically behaving caprock, such critical plastic shear strain is increased to 0.2 in the fault zone embedded within the caprock, thereby allowing for more plastic deformation rather than brittle rupture. The change of friction coefficient with plastic strain is equivalent to a slip-weakening model often applied in seismology and leads to a sudden slip when the Mohr-Coulomb failure criterion is reached. In all the simulations, we assumed a cohesionless fault (i.e., c = 0), which means that an earthquake is induced when τ/σ 0 n = μ s . The earthquake moment magnitude, M w , is estimated in two steps. First, we calculate the scalar seismic moment (M 0 ) from rupture geometry and fault strength. Using the ubiquitous joint model, we first estimate the average coseismic fault slip d avg and the rupture length L. We then assume a circular rupture patch with diameter L extending in the direction of the strike of the fault to get the rupture area A. M 0 can then be written as [e.g., Kanamori and Anderson, 1975] M 0 ¼ GAd avg (7) where G is the shear modulus of the fault core. In a second step, we use an empiric law to estimate the moment magnitude of the earthquake [e.g., Kanamori and Brodsky, 2004] :
where M 0 is given in Newton meter (N m). The model is able to distinguish between coseismic slip, which is accumulated during rupture (i.e., the earthquake), and aseismic deformation, which contributes to the total displacement along the fault but does not cause seismicity.
Results
We analyze the effect of different well configurations (i.e., single well versus multiple wells), caprock/fault rheology, and production rate on the stress evolution in the fault core. We compare each scenario to the results of a base case (single-well configuration) in terms of stress and pressure evolution within the fault zone. In order to investigate the effects of the different scenarios on the induced earthquake, we compare the slip along the fault and estimate the moment magnitude. Simulation results are summarized in Table 2 . 0.39 MPa/year. The base rock and the entire fault zone section near the producing reservoir are also affected by the pressure decline, while the right reservoir compartment and the relative near section of the fault zone are not visibly influenced. After about 50 years of production, the pressure has declined by 19.6 MPa, the fault zone is reactivated, and an earthquake is induced. The rupture point is located at a depth of 2955 m, near the intersection between the left reservoir compartment and the fault hanging wall. Figure 4b shows the stress evolution at this point. Starting from an initial state of effective normal stress σ 0 n = 17.0 MPa and shear stress τ = 3.4 MPa, the stress path shows an almost linear increase of τ with σ 0 n during the first years of production. However, after about 15 years of continuous production, the stress path bends toward higher shear stress, whereas the effective normal stress remains constant. After about 50 years, rupture occurs and the stress drops by 6.9 MPa to the value described by the residual friction (0.25 in our case). Figures 5a and 5b show the shear stress and shear strength before and after rupture, respectively. The shear stress changes in response to pore pressure decrease, and it reaches its highest value at the depth of the rupture point, whereas small changes are observed in the base rock (Figure 5a , red line). The shear strength is also affected by changes in pore pressure and total normal stress, resulting in an average increase of strength at depth of production ( Figure 5a , blue line). Upon rupture, both shear stress and friction drop, defining the rupture length as the area of equal shear stress and strength ( Figure 5b ). Figure 5c shows the coseismic slip along the fault. The maximum slip (d max = 4.01 cm) occurs at the rupture point, while the average slip (d avg ) and the rupture length of the earthquake are 2.33 cm and 421 m, respectively. The rupture propagates toward shallower depths through the caprock and further into the upper aquifer, while downward propagation stops at the intersection with the base rock, where the shear stress is at its minimum value. Hence, a significant portion of the slip is accumulated in the caprock and in the upper aquifer. Assuming a circular rupture, we calculate a scalar seismic moment of about 1.3 • 10 13 N m and a moment magnitude of M w = 2.67 for the induced earthquake. INDUCED SEISMICITY IN NATURAL GAS FIELDS
Multiple Production Wells (Scenario 2)
Compared to the base case, in scenario 2 we include a secondary production well located in the right reservoir compartment. The production rate of the secondary well is chosen to maintain similar pressure drops in both reservoir compartments. A stress path comparison between the multiple-well case (scenario 2) and the singlewell case (base case scenario) is shown in Figure 6a . The effective normal and shear stress increase much faster for the multiple-well scenario compared to the single-well case. Hence, the stress path hits the failure line at significantly higher stresses and the stress drop is considerably higher (10.0 MPa compared to 6.9 MPa). However, the timing of the induced earthquake (54.3 years) does not substantially differ from the base case. The simulated coseismic slip is shown in Figure 6b . Although the maximum slip and average slip are larger than the values obtained for the base case (d max = 5.88 cm, d avg = 3.46 cm), the rupture length is much smaller (L = 226 m). Similar to the base case, the downward rupture front stops at the lower part of the reservoir. However, the upward rupture front is halted at a depth of~2820 m, close to the interface between the right reservoir compartment and its caprock. The estimated magnitude for the induced earthquake is M w = 2.43, which is lower than in the single-well scenario despite the higher shear stress drop at the rupture point. The corresponding released seismic moment is less than half the seismic moment of the base case.
Plastically Behaving Caprock (Scenario 3)
In this section, we investigate the influence of fault and caprock rupture rheology (plastic instead of brittle) and the thickness of the caprock (450 m instead of 150 m) on stress evolution and induced seismicity. For the fault core above a depth of 2820 m, a larger critical plastic strain is defined to mimic the plastic behavior of the caprock. Figure 6c illustrates the stress path for the case of a plastic caprock in comparison to the base case. The stress paths look almost identical, and the ruptures occur at almost the same time. The small differences are due to the varying thickness of the caprock, which affects fluid flow and hence pressure and effective stress. Since plastic deformation only occurs after reaching the failure criterion, the change of caprock rheology (i.e., the larger critical plastic strain) does not have any influence on the processes that occur before rupture. On the other hand, it can be seen in Figure 6d that the plastically behaving caprock does have a strong influence on the slip along the fault. The maximum slip drops to 3.25 cm, the average slip to 2.03 cm, and the rupture length to 214 m, when compared to the base case. The slip significantly decreases when the rupture front reaches the plastically behaving caprock and rupture does not propagate through the caprock. The seismic moment for the scenario of a plastically behaving caprock is about 2.9 • 10 12 N m, which is less than one quarter of the seismic moment for the base case. The corresponding moment magnitude of the earthquake is M w = 2.24. 
Production Rates (Scenario 4)
As a fourth scenario, we investigate the sensibility of the model to different production rates. We account for a production rate that is either doubled (i.e., 0.31 bcm/yr, 0.006 kg s À1 for the 2-D approximation) or halved (0.077 bcm/yr, 0.0015 kg s À1 for the 2-D approximation) with respect to the base case production rate. Figure 6e shows the stress paths for the two different cases under investigation and the base case. The trend for the stress changes is quite similar for all cases. For the high production rate, the stresses at rupture are slightly higher than they are for the base case, whereas for the low production rate, the stresses are slightly lower. The earthquake occurrence time is approximately inversely proportional to the production rate: it is longest for the smallest production rate (101.0 years) and shortest for the largest production rate (25.6 years). The fault slip is shown in Figure 6f . The coseismic slip is very similar for the three scenarios. The highest slip is 
Discussion
Stress Path
In this section, we discuss in detail the stress paths of the base case and the case of multiple wells (i.e., the two that sensibly differ from one another). Figure 7 shows the Mohr circles at the onset of production, at about 25 years, and shortly before failure at the rupture point (2955 m depth) for the base case and the multiple-well scenario (scenario 2). The line connecting the center of the Mohr circle to the corresponding point on the stress path is inclined at an angle of 2δ = 20°at the onset of production (Figures 7a and 7b , green line). This means that the angle between the fault and σ 1 is 10°. For the base case, considering the Mohr circle after about 25 years of production, the angle 2δ increases to 38°, meaning that the angle between the fault plane and σ 1 has increased to 19° (Figure 7a , blue line). Hence, the principal stresses at the rupture point have gone through a counterclockwise rotation of about 9°during the first 25 years of production. At the time of rupture (at 50.8 years for the base case), σ 1 and σ 3 have further rotated by 6°, leading to a total rotation of the principal stresses of about 15°when the earthquake is induced. At rupture, the stress axes are rotated back to 4.5°due to the shear stress drop and strain release. The stress rotation can be explained by the compaction of the left reservoir compartment. As the right reservoir compartment remains nearly undeformed for the base case, the compaction of the domain to the left of the fault yields a shear stress increase in the fault zone. In the case of multiple wells (scenario 2), both reservoir compartments undergo compaction. The rotation of the principal stresses is then even larger because the two compartments are offset by 130 m and more strain builds up in the fault segment between the two compartments ( Figure 7b ). All the analyzed scenarios with production from a confined reservoir present this feature (Figure 7c ). In the case of a nonoffset and noncompartmentalized reservoir, pore pressure will , the principal stresses are rotated up to 22°, whereas for all other scenarios, the stresses are rotated by~15°. The production rate has a strong influence on the reservoir compaction rate and hence on the rate of rotation.
follow a linear decrease, with consequent linear increases in shear stress and effective normal stress, leading still to the reactivation of a fault cutting through the reservoir [e.g., Wassing et al., 2016; Orlic, 2016] . However, this only applies to less steep fault zones approaching the stringent conditions on Poisson's ratio and fault orientation discussed in Figure 1 .
In theory, the rotation of the principal stress axes may lead to an increase in shear stress on a predetermined plane without necessarily increasing the differential stress (σ reach higher values at the end of the simulation due to the larger pressure decrease in the fault zone, and the differential stress reaches a value of 36.0 MPa by the end of the simulation. The dissimilar evolution of σ 0 1 and σ 0 3 can be explained by the poroelastic effects taking place within the gas reservoir. For the base case, the linear increase in σ 0 1 is strictly related to the weight of the overburden and to the pore pressure changes occurring within the left compartment of the production reservoir. However, the changes in the maximum principal stress (σ 0 1 ) are not compensated for at the fault zone, leading to a relaxation (decrease) of the horizontal stress within the fault. Figure 8 indeed shows that during the initial phase, σ 0 3 increases in reaction to the initial production phase. Then, when the pore pressure decrease shrinks, poroelastic effects start dominating and the horizontal stress decreases to counterbalance the vertical stress and strain changes within the fault zone, whose hanging wall deforms in the direction of the producing well. As a consequence, the differential stress increases. This evolution of stress is common to all the scenarios, with the magnitude of rotation depending on the case analyzed. For the multiple-well case (scenario 2), the increase of differential stress is more pronounced because the reservoir compartments are compacted at different depths, and both the fault hanging and foot wall are deformed in the direction of the respective producing well (in the left and right compartments, respectively).
In the base case scenario (scenario 1), the pressure at the well decreases almost linearly, whereas a nonlinear trend is observed within the fault zone (Figure 9a) . At the fault, during the initial production phase, the pore pressure decreases at a rate similar to that of the entire left reservoir compartment. However, the rate of change decreases as production continues, up to an almost constant pressure evolution at time of rupture. The reason for this is that some gas is drawn from the right reservoir compartment into the fault zone due to the strong pressure gradient between the compartments. Indeed, Figure 9b shows the fluid flow after 25.4 years in and around the fault zone for the base case. The fault serves in the base case as a channel for the gas to flow from one compartment to the other, despite the rather low permeability of the fault. The INDUCED SEISMICITY IN NATURAL GAS FIELDSpore pressure evolution in the fault core does not influence the shear stress but directly affects the principal stresses, leading to a stable σ 0 n and explaining the bending of the stress path. In the case of multiple wells (scenario 2- Figure 9c ), given production on both sides of the fault, the pressure decrease within the fault zone follows that of the left reservoir compartment, although a ΔP = 5.9 MPa is still observed at time of rupture. Fluid flows from the fault zone toward either the left or the right reservoir compartment (Figure 9d) . Consequently, σ 0 n increases steadily, leading to a significantly larger stress drop at the time of rupture. The remaining and still significant difference in pore pressure between reservoir and fault zone is caused by fluid inflow from the edge of the reservoir (i.e., from the base rock). Hence, it is important to account for fluid flow even in a multiple-well case.
To summarize, the stress paths show a rotation of the principal stresses and an increase in differential stress in the fault zone. The stress rotation within the fault zone can be explained by the poroelastic compaction of the reservoir, which also leads to an increase in shear stress. The increase in differential stress can be explained by poroelastic effects, leading to less variation of σ 0 3 compared to σ 0 1 , which increases continuously. A strong drop in pore pressure at the rupture point due to fluid outflow, as observed in the case of multiple wells (scenario 2), leads to larger stresses at failure when compared to the base case.
Extrapolating the concept to a population of faults in a 3-D model with different initial conditions (in terms of size, orientation, and strength), our results would lead to an accelerating seismicity with time given the Figure 9 . (a) Pore pressure evolution at the rupture point within the fault core (2955 m depth) and at the production well for the base case. At the time of rupture (50.8 years), the pressure difference between the rupture point and reservoir is 13.9 MPa. (b) Gas flow after 25.4 years of production around the fault zone in the base case. Gas inflow from the right compartment causes the pore pressure in the fault zone to decrease less than in the left reservoir compartment. (c) Pore pressure evolution at the rupture point within the fault core and in the production well in the case of multiple wells (scenario 2). At the time of rupture (54.3 years), the pressure difference between the rupture point and reservoir is 5.9 MPa. (d) Gas flow after 25.4 years of production around the fault zone in the multiple-well case (scenario 2). Gas flow is directed from the fault zone toward the two reservoir compartments; the pressure decrease in the fault zone is, however, still less than in the two reservoir compartments. nonlinear response of the stress. Models neglecting fluid flow and reservoir offset could not predict such a strong shear stress increase. Since seismicity has indeed increased exponentially at some sites [e.g., van Thienen-Visser and Breunese, 2015], we consider our modeling results in this respect to be realistic.
Induced Earthquakes
For all simulations with continuous production carried out in this study, stress and pressure conditions resulted in the reactivation of a fault zone, although this may have depended on choices of mechanical and hydraulic parameters, as well as on the permeability dependence on stresses. Table 2 indicates the timing, the rupture geometry, and the size of the simulated induced events. All the simulations with a production rate of 0.15 bcm/yr (scenarios 1, 2, and 3) require about 50 years to reach a critical condition for fault reactivation, while the maximum (101.0 years) and minimum (25.6 years) times for reactivation were achieved by the low (0.077 bcm/yr) and high (0.31 bcm/yr) production rate scenarios (scenario 4), respectively. The time required to induce failure on a fault zone is well in agreement with the timing of seismicity observed at large producing gas fields [e.g., de Waal et al., 2015; van Thienen-Visser and Breunese, 2015; Van Wees et al., 2014] . The largest slip was achieved in the multiple-well scenario (scenario 2) followed by the base case (scenario 1), the low production case (scenario 4b), and the high production case (scenario 4a) that all resulted in a similar fault slip. The smallest slip was achieved for the case of a plastically behaving caprock (scenario 3). If we compare the simulated rupture area, results show that the multiple-well scenario (scenario 2) and the case of a plastically behaving caprock (scenario 3) have a significantly smaller rupture patch than the other scenarios, with the rupture front in this case stopping at a depth of~2820 m. In the case of multiple-well production (scenario 2), at the top of the right reservoir compartment, the induced stress is oriented in the opposite direction of the tectonic stress, leading to a zone of low shear stress [van den Bogert, 2015] . Thus, the fault core above the right reservoir compartment (> À2820 m) is not critically stressed and requires higher stress variation before reaching failure conditions. The resulting scalar seismic moment and magnitude is therefore smaller for the multiple-well case (M w = 2.43) compared to the base case (M w = 2.67). Rupture in all scenarios mainly propagates upward-the resulting magnitude is therefore strongly influenced by the overlying material. Indeed, the smallest earthquake is generated in the case of a plastically behaving caprock (scenario 3) in which we estimate a moment magnitude of 2.24. In this case, the material can absorb much more plastic strain, thereby leading to a lower seismic moment and magnitude. We use the term "plastically behaving caprock", since we want to emphasize the plastic behavior of the fault zone at the depth of the caprock. We do not model the caprock as a plastic material, and thus we decided to avoid the description of the caprock as a viscoelastic material, which would have been a more accurate description for a salt caprock. The production rate only has a large impact on the time of reactivation, while very small differences are found in the resulting failure slip and magnitude. The high production rate (scenario 4a) results in an earthquake of M w = 2.63, whereas for the low production rate (scenario 4b), the resulting moment magnitude is M w = 2.72.
Mitigation Scenarios
Given the findings of the previous sections, we investigate different scenarios aimed at minimizing seismicity. In the first part, we analyze the effect of well shut-in after 40 (scenario 5a) and 50 years (scenario 5b) of production (i.e., shortly before fault reactivation). In these two scenarios, we consider production from the left reservoir only prior to shut-in. In the second part, we consider production and subsequent gas injection. The first injection case accounts for gas injected in the left compartment after 50 years of production (scenario 6a). The second injection case accounts for 40 years of production in the left reservoir only and a subsequent injection in the right reservoir continuing production in the left compartment (scenario 6b). Finally, in the third injection case, both the left and right compartments are under production for 40 years, then injection occurs in the right reservoir compartment while continuing production in the left compartment (scenario 6c). Figure 10a shows the stress paths for the case of production shut-in after 40 years and 50 years of production (scenario 5) in comparison to the base case. Right after shut-in, in both scenarios the effective normal stress decreases, whereas the shear stress slightly increases, i.e., the condition moves toward failure. As pressure stabilizes in the reservoir, in the scenario of shut-in at 40 years (scenario 5a), the stress path changes direction and moves toward the initial stress state; however, in the case of well shut-in at 50 years (scenario 5b), the state of stress state at the fault zone is already too close to failure; hence, reactivation occurs despite ceasing production. Note that about 40 years elapse from the time of shut-in (50 years) to the time of fault reactivation (88.8 years). Hence, if faults are in a critical state due to production, an induced earthquake is possible even several decades after production shut-in. Extrapolating again to a diverse population of faults, our model would predict that the complete shut-in of gas production would lead to an average decrease in seismicity, but not to total seismic quiescence, because faults in very critical stress states could still be reactivated. Hence, this could predict very long "aftershock" sequences after production has been terminated.
The key mechanism behind the stress change is the evolution of the pore pressure at the fault zone (Figure 10b ). In the case of well shut-in at 40 years (scenario 5a), the pressure within the fault and at the well slowly increases with time after production halts. This pressure increase can be explained as being related to the gas inflow from the right compartment, given the large pressure gradient between the two compartments. As a direct, rapid effect, the pressure increase leads to a reduction in the fault's normal effective stress. However, a slower process is also involved: the pressure increases in the entire left compartment, leading to its expansion, and as a result, the shear stress in the fault zone decreases. The effect is visible in the case of shut-in after 40 years (scenario 5a), and about 2000 years must pass before returning to the state of stress prior to production. For the case of shut-in after 50 years of production (scenario 5b), the relaxation of the left compartment takes place after the fault has been reactivated.
We also investigate three scenarios involving gas reinjection. Here we reinject the same gas that is being produced (i.e., air). In the case of reinjection in the same producing compartment (scenario 6a), a rapid reservoir expansion occurs, and the shear stress decreases immediately, thereby stabilizing the fault (Figure 11a ). Subsequently, as the pressure increases, effective normal stress decreases and the stress state approaches the state of stress prior to production. It takes about 3 years to return to the initial stress condition. In this scenario, the amount of gas produced and injected is exactly the same (0.15 bcm/yr over 50 years equals 2.5 bcm/yr over 3 years). While a shut-in after 50 years results in an induced event after some decades (scenario 5b), an injection right after shut-in stabilizes the fault (scenario 6a). However, gas reinjection can also lead to even more critical conditions if it occurs in the wrong compartment. Indeed, when gas injection occurs only in the right reservoir compartment, an earthquake is always induced, regardless of the production occurring in that compartment (scenarios 6b and 6c- Figure 11a ). The stress paths first move away from the failure line; this is related to a decrease in shear stress because of the expansion of the right reservoir compartment. However, the gas inflow into the fault is augmented by the greater pressure in the right compartment, which leads, after some time delay (~1.5 years), to an increased pore pressure within the fault (Figure 11b ) and thus to a decrease in its effective normal stress. For both scenarios where gas is injected in the right compartment (scenarios 6b and 6c), an earthquake is induced. For scenario 6b, reactivation occurs 6 years after the start of the injection operation, whereas 8 years is needed for scenario 6c. In the case of shut-in at 40 years (scenario 5a), the stresses in the fault relax and approach the stress state prior to production. For shut-in at 50 years (scenario 5b), the fault is so close to failure that it is reactivated despite ceasing production. (b) Pore pressure evolution in the fault core at 2955 m depth and at the well in the shut-in scenarios (scenarios 5a and 5b). After shut-in, the pressure increase in the fault zone due to gas inflow from the right compartment leads to a reduction in effective normal stress in the fault zone, whereas the pressure increase in the reservoir leads to expansion and a decrease in shear stress in the fault zone. The model configuration for the shut-in scenarios is illustrated at the top left of Figure 10a .
Note that the main contribution to fault destabilization in reinjection scenarios is not an increase in shear stress but a reduction in fault strength. Figure 12a shows the shear stress and strength profile along the fault for scenario 6b. The reduction in fault strength is caused by the gas inflow from the right reservoir compartment. This scenario is a prime example to illustrate the importance of fluid flow when simulating scenarios aimed at avoiding fault reactivation where both production and injection processes are involved. The fault slip for the mitigation scenarios where fault reactivation could not be avoided is shown in Figure 12b . In the case of shut-in at 50 years (scenario 5b), the fault slip is slightly larger when compared to the base case, mostly because the pore pressure in the fault zone is larger than average, thereby causing increased propagation of the rupture front. The moment magnitude of the event for the case of shut-in at 50 years is 2.77 compared to 2.67 for the base case. For the reinjection scenarios (scenarios 6b and 6c), a zone of large slip expands from the upper part of the left compartment (~2950 m depth) to the upper part of the right compartment (~2820 m depth). Because of the high pressure in the fault zone adjacent to the right compartment, Figure 11 . (a) Stress paths in the fault core at 2955 m depth in the case of gas injection in the left compartment after 50 years of production (scenario 6a) or in the right compartment while continuing production in the left compartment, either without (scenario 6b) or with (scenario 6c) production in the right compartment prior to injection. In the case of injection in the left compartment (scenario 6a), the shear stress decreases immediately after the onset of injection and the fault is stabilized. In the cases of injection in the right compartment (scenarios 6b and 6c), the stress paths move to the left because of the pore pressure increase in the fault zone, and an earthquake is induced. (b) Pore pressure evolution in the fault core at 2955 m depth and at the well in the injection scenarios. After injection, the pressure in the fault core increases in all scenarios. However, the pressure in the left compartment is only visibly affected by the case of injecting directly into the left compartment (scenario 6a). Figure 12. (a) Shear stress and strength profiles in the fault zone in the case of injection on the right side after 40 years (scenario 6b) for three distinct times after injection. The main portion of the destabilization of the fault is provided by a reduction in shear strength due to the pore pressure increase, whereas the shear stress does not change significantly. (b) Fault slip in the mitigation scenarios where fault reactivation could not be avoided (negative slip indicates downward displacement of the hanging wall). Injection into the right compartment (scenarios 6b and 6c) leads to gas inflow into the fault zone and to a decrease in fault strength. Thus, rupture propagates more easily, and the magnitudes of the induced events are higher. the fault strength is reduced and rupture can easily propagate throughout this zone. This leads to a magnitude of 2.92 for scenario 6b, and a magnitude of 2.81 for scenario 6c. The magnitude of scenario 6b is slightly larger because the pressure in the fault is higher as a consequence of the absent production phase prior to injection.
Accounting for a population of faults and compartments, reinjection could then result in an average increase in seismicity if nearby compartments are in production and only a few of them are switched to reinjection. On the other hand, if wells were placed at relatively large distances to avoid production from neighboring compartments, the reinjection strategy would successfully reduce the seismic activity.
Conclusions
This study focuses on investigating the physical processes occurring on a bounding fault zone intersecting a gas reservoir during production activities. The proposed model allows for a much more accurate analysis of the stress and pressure evolution within the fault. We describe three processes affecting the stress path:
1. The compaction of the reservoir leads to rotation of the principal stresses, which in turn increases the shear stress in the fault zone. 2. The pressure drop in the gas reservoir strongly affects the horizontal and vertical stress acting on the fault through poroelastic effects, leading to an increase in differential stress and thus to an increase in shear stress. 3. Fluid flow into and out of the fault zone strongly affects the pore pressure evolution, hence altering the effective normal stress acting on the fault.
The observed fluid flow strongly depends on the chosen scenario. In all scenarios, the pressure drop in the producing reservoir compartment was significantly stronger than the pressure drop in the fault zone (i.e., at the rupture point). Hence, we conclude that the assumption of similar pressure drops in the fault and adjacent reservoirs, as suggested in previous studies [e.g., Mulders, 2003; Orlic et al., 2013; van den Bogert, 2015; Wassing et al., 2016; Orlic, 2016; Juanes et al., 2016] , is a poor approximation of several physical processes. The deviation of the magnitudes in the different scenarios can be explained by different shear stress accumulation during production, different pore pressure distribution in the fault (i.e., fault strength), and different caprock rheology. A multiple-well scenario (scenario 2) has shown that the induced earthquake is smaller when the two compartments are depleted simultaneously (Figure 6b ).
Our model was not designed to estimate a maximum magnitude for an induced earthquake during natural gas extraction. The magnitude estimations in this study can be used for comparing different scenarios, although the absolute values strongly depend on several model constants and assumptions: (i) the difference between peak and residual friction may be larger, leading to a larger average slip and rupture area; (ii) the rupture might propagate further into the third dimension (which we have not modeled here), leading to a substantially larger rupture area than the one assumed for a circular patch; (iii) the reservoir thickness may be larger, yielding both a larger rupture area and slip; and (iv) the fault stiffness might be significantly larger. For example, a fault with a stiffness of 20 GPa rupturing on a plane of 500 × 1500 m (where the latter number indicates the extension into the third dimension) with an average displacement of 5 cm would result in an induced earthquake with magnitude M w = 3.6. This magnitude is well within the range of induced earthquakes recorded in the field at a reservoir depth similar to that used in our model [van Thienen-Visser and Breunese, 2015] .
Concerning the timing of the fault reactivation, in most scenarios the earthquakes are induced after about 50 years and a pressure drop of~20 MPa in the reservoir. However, different factors such as the fault permeability, fault offset, mechanical parameters of the rock layers, and the initial stress state exert strong influences on the timing. An overpressurized reservoir [e.g., Segall et al., 1994; Wassing et al., 2016 , and references therein] yields lower effective normal stresses at the onset of production, and hence intersecting faults are closer to failure and less of a pressure drop is needed to achieve fault reactivation.
The results of simulations aimed at testing prevention strategies show that a fault zone does not reactivate if production shut-in occurs before some critical conditions are met. The results also suggest that reinjection in the producing reservoir compartment can reduce the chance of rupture even in a highly critically stressed fault, whereas injection in nearby compartments without stopping production at the primary reservoir may not be an effective strategy to prevent fault reactivation.
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Although we obtain very reasonable results, our model has some limitations. Recent studies have shown that a proper 2-D approximation can provide a reliable solution when compared to a full 3-D model [Rinaldi et al., 2015b; Rinaldi et al., 2014c] . However, a full 3-D application may provide a better understanding of the compaction rate and a better distribution of the shear stress changes, as well as an improved multiple-well configuration, which is better suited to a large-scale production field.
At the moment, our model does not account for a friction healing phase. Consequently, once the shear stress has dropped to its residual value (described by the dynamic coefficient of friction), it cannot be recovered. Hence, the simulation of multiple events on the same fault zone is limited. Our model is therefore appropriate for the processes happening before and during the first rupture but fails to explain the physics after the first reactivation. This could be important given that multiple ruptures on the same fault plane are indeed possible in an actual gas reservoir.
Another approximation is the use of the quasi-static approach, although our findings in terms of average slip and magnitude are firmly in agreement with the recent dynamic modeling results of production-induced seismicity [Wassing et al., 2016] . Finally, our model was designed to provide insights into the physics of production-induced seismicity by highlighting the most important factors that possibly lead to fault reactivation, particularly in a compartmentalized reservoir. Consequently, the model proposed here is largely deterministic with a known location for the fault plane. In a real case, a reservoir consists of numerous known and even more unknown faults crisscrossing the production reservoir. A deterministic model would hardly reproduce real data such as the distribution of seismic events and an earthquake's statistical analysis. A stochastic and statistical model would be better suited to a more substantive comparison to field observations. However, the deterministic model can be extrapolated to the case of a population of faults and compartments with different conditions in terms of stress and orientation. The entire population of faults would somehow behave similarly, but critical conditions can be reached before or later with respect to the case shown here. Hence, the evolution of the shear stress can be easily interpreted as related to an accelerating seismicity: the longer the production, the greater the shear stress will be, and the greater the possibility of inducing an earthquake. In terms of a prevention/mitigation strategy, extrapolating again to a diverse population of faults, on the one hand, our model would predict that a complete shut-in of gas production would lead to an average decrease in seismicity, although seismicity may still occur at some location even decades after shut-in. On the other hand, the injection of fluid is an effective mitigation strategy only when the production wells are sparse and not producing from a neighboring compartment.
